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ABSTRACT
Interstellar matter (ISM) sets the boundary conditions of the heliosphere and dominates the inter-
planetary medium. The heliosphere configuration has varied over recent history, as the Sun emerged
from the Local Bubble and entered a turbulent outflow of cloudlets originating from the Scorpius-
Centaurus Association direction. Several indicators suggest that the local interstellar magnetic field
is weak and parallel to the galactic plane. Observations of the interaction products of the ISM with
the heliosphere, such as pickup ions and anomalous cosmic rays, when combined with data on the
ISM towards nearby stars, provide unique constraints on the composition and physical properties of
nearby gas. These data suggest abundances in nearby ISM are subsolar, and that gas and dust are
not well mixed at the solar location.
INTRODUCTION
Interstellar gas and dust within ∼30 pc of the Sun provide a unique opportunity to evaluate the
chemical composition and physical properties of diffuse interstellar clouds in a small region of space.
Several motivations for studying local interstellar matter (ISM, LISM) stand out.
1. The ISM sets the boundary conditions of the heliosphere. By analogy, the ISM also sets
the boundary conditions for the astrospheres of extrasolar planetary systems. Through the
heliosphere-cosmic ray flux (and by analogy the astrosphere-cosmic ray flux) connection, the
distribution of stable planetary climates may, in part, depend on the present and historical
physical properties of the ISM surrounding each system.
2. Although many details of the chemical composition of the ISM are known, the overall picture is
poorly understood because elements are observed only in the gas phase of the ISM, line blending
in distant stars confuses the interpretation of data, H+ is unobserved in low column density
sightlines, and the interstellar grain composition, gas-dust mixing and chemical homogeneity
are unknown.
3. The configuration of the heliosphere depends on the physical properties of the surrounding ISM.
The Sun moves through space, and currently the Sun is embedded in an outflow of material
from the Scorpius constellation. As the Sun travels through space, the heliosphere is responsive
to “galactic weather” patterns. Also, the plane of the ecliptic is tilted by ∼60o with respect to
the galactic plane, introducing a north/south asymmetry in the heliosphere because the local
interstellar magnetic field appears to be parallel to the galactic plane.
24. Turbulence in the ISM, whether macroscopic or microscopic, is poorly understood. Interstellar
absorption lines at the velocity of the cloud surrounding the solar system (also known as the
Local Interstellar Cloud, LIC) are not observed towards the nearest star, α Cen (∼45o from
the nose of the heliosphere), suggesting either a turbulence-driven velocity discontinuity, or a
physically distinct interstellar cloudlet in this direction. The heliosphere responds differently
to the case where velocity discontinuities, versus “empty” space, distinguish cloudlets.
5. Lastly, dust and neutral gas from the LIC enter the solar system, where observations of the
interaction products directly sample the chemical composition and ionization levels of the
parent ISM. The combination of ISM observations towards nearby stars and in situ observations
of He, H, pickup ions, and anomalous cosmic rays in the heliosphere provides strong constraints
on the physical conditions of the surrounding cloud.
These unique qualities of the ISM close to the Sun offer a space laboratory for studying cosmic
processes that is not duplicated elsewhere in the Universe, and are elaborated on below.
BOUNDARY CONDITIONS OF HELIOSPHERE AND ASTROSPHERES
The first spectral observations of the interplanetary Lyman-α glow established that neutral gas
at interstellar velocities has penetrated the heliosphere (Adams & Frisch 1977). The heliosphere
responds to the relative Sun-cloud velocity and the partial pressure of the constituents of the LIC.
As the Sun journeys through the Milky Way Galaxy, the heliosphere configuration varies in response
to the properties of the surrounding ISM (Frisch 1993, 1997; Zank & Frisch 1999; Mueller et al. 2001,
2002). Using recent Hipparcos results for the solar apex motion (Dehnen & Binney 1998), the Sun
moves through the local standard of rest at ∼14 parsecs per million years, and has a relative velocity
with respect to the LIC of ∼26 parsecs per million years.
The Sun is currently immersed in an outflow of ISM from the region of the Scorpius-Centaurus
Association (see below), and the distance to the outflow surface in the heliosphere tail direction is
∼0.9 pc. Hence the Sun is likely to have entered this outflow within the past 105 years, and possibly
within the past ∼ 104 years depending on cloud geometry (Frisch 1994). Prior to that the Sun was
immersed in the Local Bubble interior, a region of low density hot plasma (∼0.005 cm−3, 106 K)
where the heliosphere was probably large (heliopause radius in nose direction, RHP∼300 AU, Frisch
et al. 2003, FMZL03). An encounter with a diffuse cloud of somewhat higher density, n(Ho)∼10
cm−3, would contract the heliosphere (RHP∼15 AU) with dramatic consequences for galactic cosmic
ray modulation, and cosmic ray fluxes at the Earth’s surface. In contrast, todays heliosphere has
RHP∼100 AU (see other papers in this issue). Fig. 1 illustrates the motion of the Sun through the
Local Bubble and with respect to the Cluster of Local Interstellar Clouds (CLIC).
The influence of the galactic cosmic ray flux on the global electrical circuit (Roble 1991,Tinsley
2000) provides a tentative link between heliosphere dimensions and the 1 AU cosmic ray flux. A posi-
tive correlation between low altitude tropospheric cloud cover (≤3 km altitude) and neutron monitor
counts (a direct tracer of ≥0.5 GeV cosmic ray fluxes at Earth, FMZL03) has been established over
one solar cycle (∼1985–1995, Marsh and Svensmark 2000). Evidently cosmic rays interacting with
the Earth’s atmosphere produce aerosols which seed water vapor condensation and cloud formation.
During the period of time the Sun was immersed in the Local Bubble interior (probably for many
millions of years), the heliosphere should have been large with maximum galactic cosmic ray mod-
ulation, and in the absence of surrounding ISM neutrals anomalous cosmic rays would have been
minimal. If further investigation confirms the correlation between low altitude cloud cover and the 1
AU cosmic ray flux, then it would appear that heliospheric modulation of the galactic and anomalous
cosmic ray fluxes has a direct influence on terrestrial climate, and a large heliosphere may be a factor
in climate stability.
By analogy, the ISM also sets the boundary conditions for the astrospheres of extrasolar planetary
3Fig. 1. ISM within 300 pc of Sun. Figure based on E(B-V) maps of Lucke (1978) and molecular clouds
as shown in CO maps of Dame et al. (1987). The three subgroups of the Scorpius-Centaurus Association
(SCA) (Upper Scorpius, Upper Centaurus-Lupus, Lower Centaurus-Crux) are shown, as is the location of
the Geminga pulsar (towards Orion). The yellow arrow indicates the solar apex motion. The dark blue
arrow indicates the bulk flow vector of the CLIC in the LSR. The light blue arrow shows the LIC LSR
velocity.
systems (Frisch 1993), although variations in stellar winds must also be considered (Wood et al.
2001). Through the heliosphere-cosmic ray (and by analogy astrosphere-cosmic ray) connection,
the physical properties of the present and historical ISM surrounding each system may be a factor
in the distribution of stable planetary climates. Although Earth-mass planets have not yet been
discovered, over 10% of the more than 100 planets now discovered have semimajor axes near ∼1 AU
(for a list of discovered planets, see URL http://exoplanets.org). Spectral types for the central star
are typically F, G, or K, and include both giant and main sequence objects. Mass-loss characteristics
of cool stars vary with stellar activity levels, which are traced by X-ray surface flux, and decrease
with stellar age (Wood et al. 2002). The astrospheres of extrasolar planetary systems may thus vary
substantially from the heliosphere, both because of the surrounding ISM and stellar activity levels.
These considerations will be important in evaluating the yet-to-be-discovered climates of extrasolar
planets, as well as for understanding the climatic history of the Earth.
CHEMICAL COMPOSITION, PHYSICAL PROPERTIES, ANDGAS-TO-DUST MASS
RATIO OF SURROUNDING CLOUD
The low opacity of the CLIC to the cloud surface in the heliosphere tail direction yields relatively
high average ionizations of Ho and Heo at the solar location. Observations of the ISM towards
more distant stars yields sight-line averaged abundances which may be misleading in the presence of
4ionization gradients. H+ is generally unobserved in low column-density sightlines. Both Ho and H+
must be included for determining the chemical composition of the LIC, since most of the observed
ions are present in both neutral and ionized regions (i.e. He, Ne, Ar, and elements with first ionization
potentials less than 13.6 eV). The correct gas-phase abundances are required to evaluate gas-dust
mixing and the chemical homogeneity of the ISM.
The LIC is unique in that radiative transfer models are constrained by both observations of the
ISM towards nearby stars, and by in situ observations of ISM interaction products inside of the
solar system (Slavin & Frisch 2002, SF02). The ISM composition and ionization at the solar location
has been studied using the radiative characteristics of the material, with the models constrained by
observations of ISM towards ǫ CMa (using data of Gry & Jenkins 2001) and by pickup ion data for an
assumed n(Heo)=0.016±0.002 cm−3 in the LIC. Within the past year new data offers an improved
basis for selecting among the 25 models generated by the SF02 study. Studies of Oo/Ho in the
generic ISM now shows that the ratio is relatively constant and ∼410 (Andre et al. 2002). Voyager
observations of anomalous cosmic rays yield data on interstellar argon (Cummings & Stone 2002)
which is partially ionized in local ISM (Ar0/Ar∼0.20–0.24). More extensive data on pickup ions are
also available (Gloeckler & Geiss 2002), as well as better in situ observations of Heo (Witte et al.
1996, and private communication). Two models provide the best match to the range of the available
data for an assumed n(Heo)=0.016±0.002 cm−3. These two best models are Models 2 and 18, and
the parameters for these models are shown in Table 1. These models, based on the assumption that
O/H∼400 PPM in d<3 pc ISM (applying results of Andre et Andre et al. 2002 to the LISM), show
that N and S are present at ∼60% of solar abundance while C is mildly subsolar (SF02). For this
comparison, solar abundances from Holweger (2001) are assumed. Alternatively, assuming O and C
solar abundances from Allende Prieto et al. (2001) would imply unrealistic supersolar C abundances.
The filtration of neutrals in the heliosheath regions is a key unknown quantity. For example,
filtration factors for Ar range from ∼0.64 (Cummings & Stone 2002) to ∼0.99 (Mueller and Zank
2002). Hydrogen filtration factors are predicted on a purely theoretical basis (e.g. Ripken & Fahr
1983, Izmodenov et al. 1999), however the radiative transfer models also yield an estimate of hydrogen
filtration in the heliosheath regions. Gloeckler & Geiss (2002) derive the filtration factor for Ho by
comparing H/He measured in the pickup ion population with Ho/Heo for the nearby ISM. Using
their approach, Frisch and Slavin (2002) have shown that Models 2 and 18 predict H filtration
factors (∼0.43) which yield agreement between pickup ion n(Ho) values and the model predictions
for the solar location. This is illustrated in Fig. 2.
The gas-to-dust mass ratio (Rg/d) may be calculated from the radiative transfer models, and the
results suggest that interstellar gas and dust are not well mixed in the LIC (Frisch & Slavin 2002).
When missing mass arguments and an assumed solar reference abundance are applied to Model 18,
a gas-to-dust mass ratio of ∼180 is found; subsolar ISM reference abundances yield values a factor
of ∼3 larger. However, in situ dust observations of interstellar dust by Ulysses, Galileo, and Cassini
yield a gas-to-dust mass ratio of ∼125±18 (Frisch et al. 1999; Landgraf et al. 2000; Frisch & Slavin
2002). One explanation for the difference between these two values for Rg/d would be poor gas-dust
mixing as a superbubble shell fragment sweeps up both gas and dust in the ISM. Most of the mass of
the interstellar dust grains detected within the solar system is carried by grains with masses > 10−13
g (or radius >0.2 µm). The gyro-radius for a grain with mass 10−13 g (radius ∼0.2 µm) in a weak
magnetic field (∼3 µG) is ∼0.3 pc (Gruen & Landgraf 2000), which is greater than the distance to
the LIC edge in the upstream direction. Thus massive dust grains decouple from gas in the upstream
LIC, and the Rg/d over the small scales sampled by the in situ data differs from the value averaged
over a typical long interstellar sightlines. The result is that Rg/d may vary over sub-parsec length
scales. Other explanations, such as poorly understood ISM abundances, are also possible.
5Table 1. LIC Parameters for Best Modelsa
Quantity Model 2 Model 18
Assumed Parameters:
ntot (cm
−3) 0.273 0.300
log Th (K) 6.0 6.1
Bo (µG) 5.0 3.0
NHo (10
17 cm−2)b 6.5 6.5
Results for ISM at Solar Location:
n(Ho) (cm−3) 0.208 0.242
n(Heo) (cm−3) 0.015 0.017
n(e) (cm−3) 0.098 0.089
χ(H)c 0.287 0.234
χ(He)c 0.471 0.448
log Ntot (cm
−2)b 18.03 17.98
N(Ho)/N(Heo)b 11.6 12.1
T (K) 8,230 8,140
a Models are from Slavin & Frisch (2002) and
Frisch & Slavin (2003). ntot = n(H
o)+n(H+),
while log Ntot = N(H
o)+N(H+). b The column
density N(Ho) is the Ho column density between
the Sun and cloud surface, etc. In this case the
cloud is the sum of the two interstellar cloudlets
within ∼3 pc of the Sun in the ǫ CMa direction
(Gry & Jenkins 2001). c χ(H,He) is the ionization
fraction of element H,He.
SOLAR MOTION AND ORIENTATION WITH RESPECT TO THE INTERSTEL-
LAR MAGNETIC FIELD
The Sun moves through space and has recently emerged from the interior of the Local Bubble and
entered an outflow of ISM from the Scorpius-Centaurus Association (Fig. 1). Hipparcos results yield
a solar motion in the local standard of rest of ∼13.4 km s−1 towards the galactic coordinates l=28o,
b=+32o (Dehnen & Binney 1998).
The north ecliptic pole is directed towards l=96o, b=30o, giving an ecliptic plane tilted by ∼60o
with respect to the galactic plane. Observations of the interstellar magnetic field directly outside
of the heliosphere have been elusive, but evidence for a weak magnetic field (<3 µG) is given by
starlight polarization caused by interstellar dust grains aligned by nearby magnetic fields (Tinbergen
1982, Frisch 1990). The patch of ISM causing this polarization is located towards l=0±20o, b=–
20±25o, and is close to the ecliptic plane towards the nose direction of the heliosphere (see Fig. 3).
The polarization data show a nearby magnetic field orientation which is approximately parallel to
the galactic plane and directed towards l ∼70o. The classical interstellar dust grains which cause
the polarization are charged, and pile up in the heliosheath regions as they are deflected around
the heliosphere (Frisch et al. 1999). Although the region of maximum polarization closely follows
the ecliptic plane, it also coincides with the CLIC LSR upstream direction (Fig. 3). Observations
by Voyager 1 and 2 observations of ∼3 kHz emission in the outer heliosphere also indicate the
interstellar magnetic field direction is parallel to the galactic plane (Kurth & Gurnett 2003). The
combined ecliptic tilt and interstellar magnetic field direction produce a north/south asymmetry in
6Fig. 2. Comparison between Ho in the pickup ion population and model predictions for n(Ho) for the 25
models of Slavin & Frisch (2002). The ordinate in each plot is the interstellar n(Ho) value that results
after the pickup ion measurement of n(Ho) at the termination shock is corrected for heliosheath filtration
(F ) using Ho/Heo at the solar location from the Slavin & Frisch (2002) for each model. The abscissa for
the plot is the predicted n(Ho) value at solar location. The viable models are shown with pickup ion data
uncertainties plotted, and the three best models based on Mg+/Mgo and C+/C+∗ ratios towards ǫ CMa
have boxes around the data points. The dotted line illustrates perfect agreement between models and
data. Models 2 and 18 appear to provide the best match to the combined pickup ion and ǫ CMa data
when n(Heo)=0.016±0.002 cm−3 in the LIC. The points for Models 16 and 17, which differ only in the
FUV radiation field, are superimposed on each other. (Adopted from Frisch & Slavin 2002.)
the heliosphere configuration which is visualized in Fig. 4.
KINEMATICS AND TURBULENCE OF NEARBY ISM
The LIC is one of a group of cloudlets which have a bulk flow motion in the Local Standard of
Rest (LSR) of –17±5 km s−1, from the upstream direction l ∼2.3o, b ∼–5.2o (Frisch et al. 2002).
This group of cloudlets has been referred to as the Cluster of Local Interstellar Clouds, or CLIC. The
dispersion of the cloudlets about the bulk flow represents turbulence in the nearby ISM. Models 2
and 18 indicate that n(Ho)=0.208–0.242 cm−3 in the LIC. The hydrogen column density towards the
nearest star, α Cen (1.3 pc), has been reported asN(Ho)=0.41–1.04 1018 cm−2 (Linsky &Wood 1996),
yielding a filling factor of f=0.5–1 for ISM in this sightline. Two cloudlets near the Sun have velocities
consistent with the absorption component towards α Cen, the “G” cloud (Lallement & Bertin 1992)
and the Apex Cloud seen towards Aquila and Ophiuchus (Frisch 2003). The LSR upstream direction
velocity vectors for the G and Apex Clouds are, respectively, (V, l, b)=(–17.7 km s−1,350.5o,9.2o) and
(–23.4 km s−1,4.8o,2.1o). For comparison the LSR upstream LIC motion is (–15.8 km s−1,346.1o,0.2o).
The Sun is located within a few parsecs of the downstream edge of the bulk flow. The smaller velocity
of the LIC, located at the leading edge of the CLIC bulk flow, suggests flow deceleration, while
the dispersion of the CLIC velocities reflects turbulence. These flow parameters are derived from
observations of 96 interstellar absorption line components (mainly Ca+ data) towards 60 stars which
sample the ISM within 30 parsecs of the Sun (Frisch, Grodnicki & Welty 2002). The LSR upstream
7direction of the CLIC bulk flow is within ∼20o of the observed tangent point of Loop I, which has
been formed by successive epochs of star formation in the Scorpius-Centaurus Association over the
past 107 years. The CLIC gas has been attributed to a superbubble shell fragment associated with
this star formation, with possible implications for the chemical abundance pattern for this nearest
gas. For such an origin, the CLIC would be composed of swept up material consisting of ejecta from
previous epochs of star formation in the SCA, the ambient ISM, and recently ejected nucleosynthetic
products. This scenario provides a hybrid method for the dispersal of nucleosynthetic products –
e.g. cloud collisions and turbulence within the outflow.
Fig. 3. Plot of an indicator of the nearby interstellar magnetic field, in galactic coordinates. The bars
show the direction of the electric vector polarization, which is parallel to the interstellar magnetic field
direction, for several nearby stars (Tinbergen 1982). The arrow shows the likely direction of the interstellar
magnetic field near the Sun based on these data. The curved line shows the ecliptic plane. The region of
maximum polarization follows the ecliptic plane, but is also in the LSR upstream CLIC direction (box). A
star is plotted at the heliosphere nose direction in heliocentric coordinates. The classical interstellar dust
grains which polarize optical radiation pile up in the heliosheath regions as they are deflected around the
heliosphere (Frisch et al. 1999). (Figure adopted from Frisch & Slavin 2002.)
CONCLUSIONS
Why study nearby ISM? Taking an anthropomorphic viewpoint, the ISM dominates the inter-
planetary medium throughout most of the heliosphere. Heliosphere models show that heliosphere
properties, and by analogy exoplanetary system astrospheres, are dramatically affected by the phys-
ical properties of the surrounding interstellar cloud. From an astronomical viewpoint, the d<30 pc
ISM is the best region for studying the physical processes which operate in the ISM because of the
unusual range of data available for constraining radiative transfer models. These data include the
ISM properties within the solar system, which trace the neutral component. Accurate ISM models
permit basic axioms underlying ISM studies to be tested, such as the assumption that both gas and
dust must be included when evaluating the chemical composition of the ISM.
8Fig. 4. Visualization of the asymmetric heliosphere caused by the apparent tilt of the ecliptic plane
with respect to the local interstellar magnetic field (from Hanson et al. 2002). The heliosphere mor-
phology is based on an MHD simulation by Linde et al. (1998), which includes the relative orientation
and ram pressures of the interstellar and solar wind magnetic fields. Note the constellation of Orion is
viewed through the heliosphere tail. The movie containing this visualization can be downloaded from:
http://cs.indiana.edu/∼soljourn. (Used with permission.)
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